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(57) ABSTRACT

Provided are a method of controlling the compositional gra-
dient and solubility of doped-additives at grain boundaries
during sintering of a uranium-based oxide green pellet
including the additives, and a method of manufacturing a
sintered nuclear fuel pellet having a large grain size using the
same. The grain boundary solubility of the doped-additives is
maintained at a certain level by stepwise varying of an oxygen
partial pressure during isothermal sintering of a uranium-
based oxide green pellet including the additives. The method
of manufacturing a sintered nuclear fuel pellet having a large
grain size includes preparing additive mixed uranium oxide
powder, forming an additive mixed uranium oxide green pel-
let using the mixed powder, heating the green pellet to a
sintering temperature in a gas atmosphere having a low oxy-
gen partial pressure, and sintering while a sintering gas atmo-
sphere is changed to stepwise increase an oxygen partial
pressure at the isothermal sintering temperature.

8 Claims, 5 Drawing Sheets
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1
METHOD OF CONTROLLING SOLUBILITY
OF ADDITIVES AT AND NEAR GRAIN
BOUNDARIES, AND METHOD OF
MANUFACTURING SINTERED NUCLEAR
FUEL PELLET HAVING LARGE GRAIN SIZE
USING THE SAME

TECHNICAL FIELD

The present invention relates to a method of controlling
grain boundary solubility of additives and a method of manu-
facturing a sintered nuclear fuel pellet using the same, and
more particularly, to a method of controlling grain boundary
solubility, wherein the compositional gradient of additives
across the grain boundaries is maintained at a certain level by
stepwise varying of an oxygen partial pressure during sinter-
ing of a uranium-based oxide green pellet mixed with one or
more additives of a chromium (Cr)-compound, an aluminum
(Al)-compound, and a yttrium (Y)-compound, and a method
of manufacturing a sintered pellet having a large grain size
using the same.

BACKGROUND ART

Nuclear power plant uses heat generated by the nuclear
fission of uranium. The nuclear fuel material currently in
widest use is uranium oxide pellets. In a typical production
process of the uranium oxide pellets, a lubricant is added to
and mixed with a starting material of uranium oxide powder,
and then pre-molded under a predetermined pressure, e.g.,
about 1 ton/cm? to produce a slug. The slug is pulverized to
obtain granules. Subsequently the lubricant is added to and
mixed with the granules obtained and then compression-
molded to form a compact, i.e., green pellets having a theo-
retical density (TD) of about 50%. The compact is sintered in
a hydrogen-containing gas atmosphere to produce uranium
oxide pellets. The uranium oxide pellets obtained as
described above have a TD of about 95.5% and a grain size of
610 10 um. Crystal grains of the nuclear fuel pellets are of an
equiaxed polyhedron. Recently, nuclear fuel for high burn-up
and long fuel cycle have been developed in order to enhance
the economic operation of nuclear power plant and minimize
the amount of spent nuclear fuel. A sintered nuclear fuel pellet
having a large grain size can improve the integrity of anuclear
fuel rod under high burn-up conditions by preventing the
external release of fission products having a gaseous phase or
corrosiveness from the sintered fuel pellets. Also, deforma-
tion characteristics at high temperatures are improved when
grain size increases. As a result, the safety of the nuclear fuel
rod can be improved by effectively decreasing stress induced
on a cladding by the sintered fuel pellets during an operation.
For this reason, research has been conducted into manufac-
turing sintered uranium-based oxide pellets having a large
grain size as sintered pellets used in a nuclear fuel rod for high
burn-up or ultra high burn-up. Since grain growth is achieved
by means of the transfer of materials through grain bound-
aries, it is important to increase a transfer rate of materials
through grain boundaries during sintering in order to manu-
facture a sintered pellet having a large grain size. Methods of
increasing a sintering temperature or using additive elements
have been disclosed in order to increase a grain size during the
manufacturing of a sintered nuclear fuel pellet. Methods of
dissolving additive elements and forming a liquid phase hav-
ing a fast diffusion rate at grain boundaries are disclosed for
the using of the additive elements.

The method of dissolving additive elements uses a phe-
nomenon in which defects are formed when additive elements
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are dissolved in a uranium-based oxide and the transfer of
materials is facilitated, such that a grain growth rate is
increased. A method of sintering at low temperatures by dis-
solving surplus oxygen in UQ, is disclosed in U.S. Pat. No.
6,878,313 B2. In this patent, a process for decreasing a sin-
tering temperature by increasing an oxygen partial pressure
of a sintering gas to dissolve oxygen ions in UO, lattices to
form uranium (U) cation vacancies, and increasing a material
transfer rate through the formed U cation vacancies is sug-
gested. In addition, aluminum (Al), chromium (Cr), titanium
(Ti), niobium (Nb), magnesium (Mg), vanadium (V), phos-
phorous (P), or silicon (Si) are known as additive elements.
The additive elements are usually added in a range of a few
ppm to a few tens of thousands of ppm, based on a weight ratio
with respect to uranium cations in a sintered pellet, and the
amounts of additive elements may differ according to the type
of additive element. In the method of increasing a grain
growth rate by forming defects through the dissolution of
additives, an amount of additives has to be increased in order
to obtain a defect concentration above a certain level. Also,
defects in UQ, lattices formed by dissolution have a limita-
tion of contributing to increase release rates of fission gases
generated during irradiation in a reactor. That is, although a
grain size is increased to suppress fission gas release, a sup-
pressing effect on the fission gas release is offset due to an
increase in a diffusion rate of fission product in the UO,
lattices. According to the results of studies by Killeen et al.
[Journal of Nuclear Materials, 88 (1980), p. 177-184] and
Kashibe et al. [Journal of Nuclear Materials, 254 (1998), p.
234-242], it is reported that Cr ions were dissolved in a UO,
pellet to exhibit a grain growth effect, but a suppressing effect
on fission gas release was low due to an increase in a diffusion
rate of a fission gas caused by defect formation in UO, lat-
tices. To overcome the foregoing limitation, methods for
removing surplus oxygen by heat treating in a reducing atmo-
sphere at a temperature lower than a sintering temperature or
minimizing lattice defects by precipitating dissolved metal
cations in a metal form are disclosed in U.S. Pat. Nos. 6,878,
313 B2 and 6,221,286 B1, respectively.

Technologies related to the methods of increasing a grain
size by allowing additive elements to form a liquid phase at
grain boundaries near a sintering temperature are reported. In
U.S. Pat. No. 4,869,866, a technology for manufacturing
sintered UO, having an average grain size of 37 um by sin-
tering at 1640° C. for 7 hours after adding 0.5 wt % of an
alumino-silicate additive is disclosed. According to this
patent, it is reported that the alumino-silicate additive forms a
liquid phase at grain boundaries near a sintering temperature
and grain growth occurs by considerably accelerating mate-
rial transfer through the liquid phase. Bourgeois et al. [Journal
of Nuclear Materials, 297 (2001), p. 313-326] report that
when an oxygen partial pressure of a sintering gas is con-
trolled to a specific value during the manufacturing of Cr-
added sintered UO,, a Cr-compound additive forms a liquid
phase during sintering to greatly increase the grain size of the
sintered UO,. U.S. Pat. No. 6,221,286 B1 suggests a process,
in which a Cr,05-added UO, green pellet is sintered in an
oxygen partial pressure interval where a liquid phase is
formed, and then, dissolved Cr is precipitated into Cr metal
particles by annealing at low temperatures and low oxygen
partial pressures. In the case of a process using a liquid phase,
a grain size is determined by an amount of a liquid phase
formed at grain boundaries, and since a portion of additives is
dissolved before reaching a liquid phase formation tempera-
ture or a portion of the liquid phase is dissolved in grain
interiors during liquid phase sintering, a large amount of
additives may be necessary to obtain grains of a desired size.
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For example, a detailed method of manufacturing a Cr-added
sintered UO, having a large grain size disclosed in U.S. Pat.
No. 6,221,286 B1 is as follows. A sintered pellet is manufac-
tured by sintering a Cr,05-added uranium oxide green pellet
at 1700° C. for 4 hours in a wet hydrogen gas atmosphere
having a moisture/hydrogen gas ratio of 1.7%, and then, a
sintered nuclear fuel pellet with precipitated Cr is manufac-
tured by annealing the sintered pellet at 1300° C. for 5 hours
in a dry hydrogen gas atmosphere having a moisture/hydro-
gen gas ratio of 0.05% or less. In the foregoing method, the
added Cr,0; maintains a Cr,O; phase while the temperature
of'the green pellet is increased to near 1680° C., and dissolu-
tion occurs in a portion of the added Cr,O;. A portion of the
Cr,0,;, remaining without dissolution, contributes to grain
growth by forming a liquid phase at 1680° C. or more. There-
after, dissolved Cr is precipitated into Cr metal particles in a
low temperature annealing process. Since a large amount of
initially added Cr,O; is dissolved before the forming of a
liquid phase and only a portion contributes to grain growth, a
large additive amount more than 1000 ppm is necessary.

When a grain size of a uranium-based oxide is increased by
using additives, it is necessary to minimize an amount of the
additives for obtaining the same grain size if possible. The
reason is that the additive elements increase diffusion rates of
fission products by dissolving UQ, lattice as well as reducing
neutron economic by lowering an amount of a U charge or
absorbing neutrons. Therefore, developments of new tech-
nologies capable of significantly increasing a grain size as
well as minimizing an amount of additives are necessary.

A method, which improves a grain growth effect by maxi-
mizing an amount of a liquid phase existing at a sintering
temperature through maximally suppressing dissolution of
additives while the temperature of a green pellet is increased
to the sintering temperature, is disclosed in Korean Patent No.
10-0964953. This patent is characterized in that an added
Cr-compound is reduced to Cr at 1500° C. or less and a Cr
phase is maintained. Thereafter, a process of sintering at
1650-1780° C. in a gas atmosphere having an oxygen poten-
tial of forming a Cr liquid phase is included. A sintered pellet
manufactured by the foregoing process may have a larger
grain size because an amount of a liquid phase formed during
sintering based on the same addition amount is greater in
comparison to a sintered pellet manufactured by the process
suggested in U.S. Pat. No. 6,221,286 B1. However, the pro-
cess suggested in Korean Patent No. 10-0964953 has a limi-
tation in that the additive liquid phase formed is rapidly
dissolved into UQ, lattices because oxygen partial pressure
rapidly increases at a high sintering temperature. According
to the results of a study by A. Leenaers et al. [Journal of
Nuclear Materials, 317 (2003), p. 62-68], it is reported that
the solubility of Cr ions in UO, lattices rapidly increases
when temperature and oxygen partial pressure increase at
1550° C. ormore. Therefore, the process suggested in Korean
Patent No. 10-0964953 has limitations in that duration time of
liquid phases formed at grain boundaries is too short to com-
pletely contribute to grain growth, and more than a certain
amount of additives is necessary.

DISCLOSURE
Technical Problem

An aspect of the present invention provides a method of
controlling solubility of additives dissolved at and near grain
boundaries during sintering of a uranium-based oxide green
pellet including additives with solubility in a uranium-based
oxide varied according to an oxygen partial pressure of a
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sintering gas, and a method of manufacturing a sintered
nuclear fuel pellet having a large grain size using the same.

Technical Solution

An aspect of the present invention provides a method of
controlling a solubility of additive elements at and near grain
boundaries, wherein the solubility of the additives at and near
the grain boundaries is maintained at a certain level by step-
wise varying of an oxygen partial pressure during isothermal
sintering of a uranium-based oxide green pellet including an
additive powder of elements.

The oxygen partial pressure may be stepwisely increased
during the isothermal sintering.

According to another aspect of the present invention, there
is provided a method of manufacturing a sintered nuclear fuel
pellet having a large grain size including: mixing an additive
powder and a uranium oxide powder to prepare an additive
mixed uranium oxide powder; forming an additive mixed
uranium oxide green pellet by using the mixed powder; heat-
ing the green pellet to an isothermal sintering temperature in
an atmosphere control gas having an oxygen partial pressure
corresponding to a minimum oxygen partial pressure of iso-
thermal sintering or less; and changing a sintering gas atmo-
sphere to perform the isothermal sintering such that an oxy-
gen partial pressure is stepwise increased at the isothermal
sintering temperature.

An amount of additive cations with respect to about 1 g of
uranium-based cations in the uranium oxide green pellet may
be about 10-2000 pg.

The additive powder may be a powder mixed with at least
one or more of a chromium (Cr)-compound, an aluminum
(Al)-compound, and a yttrium (Y)-compound.

Also, the Cr-compound, the Al-compound, and the Y-com-
pound may be at least one or more selected from the group
consisting of oxides, nitrates, stearates, chlorides, and
hydroxides.

In the preparing of the additive mixed uranium oxide pow-
der, a UO,-based powder may be a UO, powder or a powder
mixed with the UO, powder and one or more of a PuO,
powder, a Gd,O; powder, and a ThO, powder.

The atmosphere control gas may be a hydrogen gas or a
mixed gas of a hydrogen gas and at least one or more gases
selected from the group consisting of carbon dioxide, water
vapor, and inert gases.

Advantageous Effects

When a method of manufacturing a sintered pellet accord-
ing to the present invention is used, a decrease in a driving
force for grain growth during sintering is minimized so that a
sintered pellet having a larger grain size than a typical sin-
tered pellet may be manufactured by using the same amount
of additives. Also, release of fission products during irradia-
tion in a reactor is prevented and deformation characteristics
at high temperatures are improved by manufacturing a sin-
tered pellet having a large grain size. Therefore, there is an
effect of improving the integrity and safety of a nuclear fuel
rod for high burn-up.

DESCRIPTION OF DRAWINGS

The above and other aspects, features and other advantages
of'the present invention will be more clearly understood from
the following detailed description taken in conjunction with
the accompanying drawings, in which:
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FIG. 1 is a schematic diagram illustrating a change of an
additive concentration near a grain boundary according to a
change of an oxygen partial pressure of a sintering gas during
isothermal sintering of uranium-based oxide including ses-
quioxide additives having solubility increased with increas-
ing oxygen partial pressure;

FIG. 2 is a graph schematically illustrating a sintering
process of the present invention; and

FIGS. 3A through 3C are micrographs of grains according
to Examples and Comparative Examples, in which FIG. 3A is
a micrograph of grains in Example 1, (B-1), (B-2), (B-3), and
(B-4) of FIG. 3B are micrographs of grains in Comparative
Examples 1, 2, 3, and 4, respectively, and FIG. 3C is a micro-
graph of grains in Example 2.

BEST MODE

Hereinafter, the present invention will be described in
detail.

Among sesquioxides containing trivalent cations, for
example, Al,O;, Cr,0;,Y,0;, and Al,O, have a similar ten-
dency to one another, in which solubility in UO, lattices
increases as an oxygen partial pressure increases. Also, grain
boundary solubility of the sesquioxides increases as an 0xy-
gen partial pressure increases.

Since a grain boundary has more defects than a lattice, the
grain boundary has a higher solubility limit than the lattice in
a grain. Also, since a driving force of grain growth may
become high when the concentration differences of additives
between at a grain boundary and a lattice are large, the large
difference between at a grain boundary and a lattice may be
advantageous for grain growth. Therefore, when grain bound-
ary solubility of additives at grain boundary to in grain is
denoted to C and the grain boundary solubility of additives is
denoted as B, a growth rate of grains becomes large in a
condition where B and C are large at the same time.

FIG. 1 is a schematic diagram illustrating a change of an
additive concentration across a grain boundary in terms of an
oxygen partial pressure of a sintering gas during isothermal
sintering of a uranium-based oxide green pellet, which con-
tains additives including sesquioxides, such as Cr,O; and
Y ,0; having solubility increased with increasing oxygen par-
tial pressure.

As shown in FIG. 1(b), when sintered at a low oxygen
partial pressure, solubility of the additives is very low at a
grain boundary as well as in an interior of a lattice. Since B is
low, although C may be maintained at a certain level, a very
small amount of the additives may participate in grain growth.
Therefore, grain growth may be difficult in this case.

As shown in FIG. 1(c), when an oxygen partial pressure of
a sintering gas is increased, grain growth may be promoted to
a certain extent because B becomes high. However, since C
also becomes gradually low when the additives concentration
at grain boundary soon reaches a solubility limit and lattice
diffusion of additives occurs, a driving force for grain growth
will be gradually decreased.

This may be also confirmed in Korean Patent No.
10-0964953, in which grain growth is actively performed at
anoxygen partial pressure of forming a liquid phase disclosed
in a Cr-containing UQ, sintering process, because B and C are
simultaneously high at the time of the forming of a liquid
phase during sintering of Cr-containing UO,. However, the
additives in liquid phase thereafter diffuse fast into the inte-
riors of grains to thereby end grain growth.

According to the present invention, it may be understood
that B and C may always be maintained above particular
values during sintering in order to maximize grain growth
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during sintering of a uranium-based oxide green pellet con-
taining additives including sesquioxides such as Cr,O; and
Y ,O; having solubility increased with increasing oxygen par-
tial pressure.

The maintaining of B and C above the particular values
may be achieved through a method of a stepwise increase of
an oxygen partial pressure of a sintering gas during isother-
mal sintering. That is, grain boundary solubility increases as
anoxygen partial pressure is gradually increased, and thus, an
amount of additives, which is larger than an amount of addi-
tives diffused from grain boundaries to the interiors of grains,
will be continuously supplied to the grain boundaries.

Therefore, as shown in FIG. 1(a), since B and C are main-
tained at high values and a decrease in a driving force of grain
growth during sintering may be minimized, a sintered pellet
with a grain size larger than a typical sintered pellet may be
manufactured when the same amount of additives is used.

In summary, in the sintering of a uranium-based oxide
green pellet including additive powder of elements, it is pos-
sible to maintain concentration and compositional gradient of
the additive elements at and near grain boundaries at a certain
level by the stepwise varying of an oxygen partial pressure
during isothermal sintering. More particularly, it is possible
to maintain a solubility gradient capable of manufacturing a
sintered nuclear fuel pellet having a large grain size if an
oxygen partial pressure during the isothermal sintering is
always increased.

Also, a sintered nuclear fuel pellet having a large grain size
may be manufactured when the foregoing solubility control-
ling method is used, thereby enabling an improvement in the
integrity of a nuclear fuel rod for high burn-up.

Hereinafter, a method of manufacturing a sintered nuclear
fuel pellet according to the present invention is described.

Additive mixed uranium oxide powder is prepared, and
then, uranium oxide green pellets with mixed additives are
formed by using the foregoing mixed powder. Subsequently,
the green pellets are heated to a sintering temperature in a gas
atmosphere with a low oxygen partial pressure, and then,
sintered nuclear fuel pellets having a large grain size are
manufactured by sintering the pellets while varying the sin-
tering gas atmosphere in order to increase an oxygen partial
pressure at an isothermal sintering temperature in a stepwise
manner.

An additive content of the uranium oxide powder may be
about 50-2000 ng/g based on a weight ratio (XM,/U) of addi-
tive cations or metal elements with respect to uranium of the
uranium oxide powder.

When a sintered nuclear fuel pellet is manufactured with
manufacturing conditions according to the present invention,
grains are grown while a solubility limit is gradually
increased by controlling an oxygen partial pressure during
sintering. Therefore, a sufficient grain growth effect may be
obtained even when a very small amount of additives is used
as above.

The preparing of the additive mixed uranium oxide powder
may be performed by a method of mixing or grinding the
uranium oxide powder and additive powder.

The forming of the green pellets may be performed by a
method of putting the additive mixed uranium oxide powder
in a forming mold and molding at a pressure of about 3-5
tons/cm>.

Among sesquioxides containing trivalent cations, for
example, Al,O;, Cr,0;,Y,0;, and Al,O, have a similar ten-
dency to one another, in which solubility in UO, lattices
increases as an oxygen partial pressure increases. Also, grain
boundary solubility of the sesquioxides increases as an 0xy-
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gen partial pressure increases, and the foregoing additive
powder may have a relatively low neutron absorption cross-
section.

Therefore, the additive powder may be a powder mixed
with at least one or more of a chromium (Cr)-compound, an
aluminum (Al)-compound, and a yttrium (Y)-compound. The
Cr-compound, the Al-compound, and the Y-compound may
be at least one or more selected from the group consisting of
oxides, nitrates, stearates, chlorides, and hydroxides.

In the preparing of the additive mixed uranium oxide pow-
ders, UO,-based powder may be UO, powder or a powder
mixed with the UO, powder and at least one or more of PuO,
powder, Gd,O; powder, and ThO, powder.

In the sintering, an atmosphere control gas used to increase
an oxygen partial pressure may be a hydrogen gas or a mixing
gas of a hydrogen gas and at least one or more gases selected
from the group consisting of carbon dioxide, water vapor, and
inert gases.

MODE FOR INVENTION

Hereinafter, the present invention will be described inmore
detail by means of Examples. The following Examples only
exemplify the present invention, but the scope of the present
invention is not limited thereto.

Example 1

About 1500 pg/g of Cr,O; powder based on a Cr/U was
added to UO, powder and was wet ground, and then, Cr,O;
mixed UO, powder was prepared by drying the ground pow-

10

15

20

30

8

der. Cylindrical green pellets were manufactured by press
molding the mixed powder at a pressure of about 3 tons/cm?.

The green pellets were subjected to sintered pellet manu-
facturing processes of the following Table 1 and then, grain
sizes were measured and presented in Table 1. The densities
of sintered pellets were measured by Archimedes method.
Thereafter, cross-sections of the pellets were polished to
observe a pore structure, and also thermally etched to observe
a grain structure. The grain size of the pellets was measured
by a linear intersection method.

Also, as an example of the present invention, a sintering
process of Example 1 was presented in FIG. 2. In the sintering
process of the foregoing green pellets, a hydrogen atmo-
sphere having alow oxygen partial pressure at which Cr,0; is
reduced to Cr is maintained up to a sintering temperature of
about 1700° C. The reason for this is to prevent the foregoing
C value from being lowered during isothermal sintering by
minimizing a dissolving rate of Cr ions in UQO, lattices.

In the foregoing sintering process, a mixing ratio of CO, in
hydrogen is stepwise increased in order to stepwise increase
an oxygen partial pressure of a sintering gas in an isothermal
sintering range of about 1700° C. The foregoing B and C
values are always maintained above a certain level of values
when the mixing ratio is increased as above, thereby enabling
an effect of maximizing grain growth to be obtained.

Also, micrographs of grains in the respective Example and
Comparative Examples were observed, and the results
thereof were presented in FIGS. 3A and 3B. FIG. 3A is a
micrograph of grains of Example 1, and (B-1), (B-2), (B-3),
and (B-4) of FIG. 3B are micrographs of grains in Compara-
tive Examples 1, 2, 3, and 4, respectively.

TABLE 1
Grain
Sintered pellet manufacturing process Size
Example 1 Maintain for 1 Maintain Maintain Maintain ~ Cooltoroom 130 um
hour after for2hours  for2 hours  for2 hours temperature
heating to at0.3 at 1 at 1.6 (300° C./h)
1700° C. ata volume % volume % volume %
rate of of CO,/H, of CO,/H, of CO,/H,
300° C/hin gas ratio gas ratio gas ratio
an atmosphere
of 0.05
volume % or
less of CO,/H,
gas ratio
Comparative Maintain for 6 hours after heating to 1700° C. at a rate of 17 pm
Example 1 300° C./h at 0.3 volume % or less of moisture/H, gas ratio
Comparative Maintain for 4 hours after heating to 1700° C. at a rate of 34 pm
Example 2 300° C./h at 1.0 volume % or less of moisture/H, gas ratio
Comparative Maintain for 4 hours after heating to 1700° C. at a rate of 45 pm
Example 3 300° C./h at 1.6 volume % or less of moisture/H, gas ratio
Comparative Heating up to 1700° C. at a Maintain for 6 hours at 62 um

Example 4

rate of 300° C./h at 0.05 1.6 volume % of CO,/H,

volume % or less of CO,/H, gas ratio

gas ratio
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When grain sizes in Example 1 and Comparative Examples
1 to 4 in Table 1 are compared, it may be confirmed that the
grain size of Example 1 is 130 pm, which is increased about
2-9 times in comparison to the grain sizes of Comparative
Examples 1 to 4. Differences between Example 1 and Com-
parative Examples 1 to 4 may be easily confirmed through the
micrographs of grain sizes in FIGS. 3A and 3B.

Referring to (B-1) of FIG. 3B and Table 1, the grain size of
Comparative Example 1 is 17 pm, which represents a smaller
grain size of about 119 times or less than that of Example 1.
It may be understood that Comparative Example 1 has the
smallest grain size among the Comparative Examples.

Referring to (B-2) of FIG. 3B and Table 1, the grain size of
Comparative Example 2 is 34 pm, which represents a smaller
grain size of about V5 times or less than that of Example 1. On
the other hand, it may be confirmed that the grain size of
Comparative Example 2 increased about 2 times in compari-
son to that of Example 1. Since a sintered pellet was manu-
factured under a moisture/hydrogen gas ratio condition of 1.0
volume % in Comparative Example 2 while the moisture/
hydrogen gas ratio in Example 1 was 0.3 volume %, the
solubility of Cr becomes high as an oxygen partial pressure
increases. As a result, it is considered that a grain size
increases due to a fast material transfer rate.

Referring to (B-3) of FIG. 3B and Table 1, the grain size of
Comparative Example 3 is 45 pum, which represents a smaller
grain size of about ¥4 times or less than that of Example 1. On
the other hand, the grain size of Comparative Example 3
increased by about 3 times in comparison to that of Example
1. The reason is that a Cr additive forms a liquid phase in a
sintering gas atmosphere to increase a material transfer rate.

Referring to (B-4) of FIG. 3B and Table 1, the grain size of
Comparative Example 4 is 62 jum, which represents a smaller
grain size of about ¥ times or less than that of Example 1. On
the other hand, the grain size of Comparative Example 4
increased about 3.5 times or more in comparison to that of
Example 1. Even though Comparative Example 4 was per-
formed for the purpose of increasing an amount of a liquid
phase by maximally preventing Cr from dissolving in UO,
during heating to a sintering temperature, the liquid phase is
dissolved fast into grain boundaries during sintering. As a
result, the grain size of Comparative Example 4 is small in
comparison to Example 1. Therefore, it may be understood
that properly controlling a concentration of Cr dissolved at
grain boundaries and a concentration of Cr dissolved in grains
during sintering, as in Example 1, is very effective in increas-
ing a grain size.

Example 2

About 500 pg/g of Cr,O; powder based on a Cr/U was
added to UO, powder and was wet ground, and then, Cr,O;
mixed UO, powder was prepared by drying the ground pow-
der. Processes of manufacturing green pellets and sintered
pellets by using the ground powder were performed using the
same method as that of Example 1.

Densities and grain sizes were measured, and micrographs
of grains were observed and the result thereof was presented
in FIG. 3C.
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The grain size of Example 2 was measured as 46 um, which
is similar to Comparative Example 3 having a grain size of 45
um. When Example 2 and Comparative Example 3 are com-
pared, about 500 pg/g of Cr,O, powder was added in
Example 2 while about 1500 pg/g of Cr,O; powder was added
in the case of Comparative Example 3. Therefore, it is con-
firmed that a similar grain size may be obtained by adding a
small additive amount, i.e., about ¥4 of a typical additive
amount, when a sintered pellet is manufactured by a manu-
facturing method according to the present invention.

While the present invention has been shown and described
in connection with the exemplary embodiments, it will be
apparent to those skilled in the art that modifications and
variations can be made without departing from the spirit and
scope of the invention as defined by the appended claims.

The invention claimed is:

1. A method of manufacturing a sintered nuclear fuel pellet
having a large grain size, the method comprising:

mixing an additive powder and a uranium oxide powder to

prepare an additive mixed uranium oxide powder;
forming an additive mixed uranium oxide green pellet by
using the mixed powder;
heating the green pellet to an isothermal sintering tempera-
ture in an atmosphere control gas having an oxygen
partial pressure corresponding to a minimum oxygen
partial pressure of isothermal sintering or less; and

changing a sintering gas atmosphere to perform the iso-
thermal sintering such that an oxygen partial pressure is
stepwise increased three times at the isothermal sinter-
ing temperature.

2. The method of claim 1, wherein an amount of additive
cations with respect to about 1 g of uranium-based cations in
the uranium oxide green pellet is about 10-2000 pg.

3. The method of claim 1, wherein the additive powder is a
powder mixed with at least one or more of a chromium
(Cr)-compound, an aluminum (Al)-compound, and a yttrium
(Y)-compound.

4. The method of claim 3, wherein the Cr-compound, the
Al-compound, and the Y-compound are at least one or more
selected from the group consisting of oxides, nitrates, stear-
ates, chlorides, and hydroxides.

5. The method of claim 1, wherein in the preparing of the
additive mixed uranium oxide powder, a UO,-based powder
is a UO, powder or a powder mixed with the UO, powder and
one or more of a PuO, powder, a Gd,0; powder, and a ThO,
powder.

6. The method of claim 1, wherein the atmosphere control
gas is a hydrogen gas or a mixing gas of a hydrogen gas and
at least one or more gases selected from the group consisting
of carbon dioxide, water vapor, and inert gases.

7. The method of claim 1, wherein the forming of the green
pellets is performed by a step of putting the additive mixed
uranium oxide powder in a forming mold and molding at a
pressure of about 3-5 tons/cm?.

8. The method of claim 1, wherein the additive mixed
uranium oxide powder comprises at least one or more of PuO,
powder, Gd, O, powder, and ThO, powder.
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